In plants, it has been proposed that hexacoordinate (class 1) non-symbiotic Hbs (nsHb-1) function in vivo as peroxidases. However, little is known about peroxidase activity of nsHb-1. We evaluated the peroxidase activity of rice recombinant Hb1 (a nsHb-1) by using the guaiacol/H 2 O 2 system at pH 6.0 and compared it to that from horseradish peroxidase (HRP). Results showed that the affinity of rice Hb1 for H 2 O 2 was 86-times lower than that of HRP (K m = 23.3 and 0.27 mM, respectively) and that the catalytic efficiency of rice Hb1 for the oxidation of guaiacol using H 2 O 2 as electron donor was 2838-times lower than that of HRP (k cat /K m = 15.8 and 44 833 mM À1 min À1 , respectively). Also, results from this work showed that rice Hb1 is not chemically modified and binds CO after incubation with high H 2 O 2 concentration, and that it poorly protects recombinant Escherichia coli from H 2 O 2 stress. These observations indicate that rice Hb1 inefficiently scavenges H 2 O 2 as compared to a typical plant peroxidase, thus indicating that nonsymbiotic Hbs are unlikely to function as peroxidases in planta.
Introduction
Non-symbiotic hemoglobins (nsHbs) are O 2 -binding proteins that have been identified in primitive and evolved plants, such as bryophytes and angiosperms, respectively. This indicates that nsHbs are widely distributed in land plants (reviewed by Garrocho-Villegas et al. (2007) ). Non-symbiotic Hbs are classified into class 1 and class 2 (nsHb-1 and nsHb-2, respectively). An unique characteristic of the nsHb-1 class is a very high affinity for O 2 because of an extremely low O 2 -dissociation (koff) rate constant (Arredondo-Peter et al., 1997a; Duff et al., 1997; Trevaskis et al., 1997) , which results from heme-Fe hexacoordination and ligand stabilization (Arredondo-Peter et al., 1997a; Hargrove et al., 2000; TrentIII et al., 2001) . In contrast to nsHb-1, the nsHb-2 class has a fraction of hexacoordination which results in moderate O 2 -affinity (Trevaskis et al., 1997; Smagghe et al., 2009) .
Transcripts and proteins for nsHb-1 have been detected in normal and stressed plant organs and tissues. For example, nshb-1 genes are expressed in specific tissues from ''normal" plants, such as the seed aleurone, root meristems and leaf parenchyma (Ross et al., 2001) , and are overexpressed in organs from stressed plants, such as those growing under flooding conditions and light and nutrient limitations (Taylor et al., 1994; Lira-Ruan et al., 2001; Wang et al., 2003; Ohwaki et al., 2005) . These observations suggest that to nsHb-1 class play specific (non-housekeeping) roles in plant cells. However, kinetic properties of nsHb-1 (i.e. high O 2 -affinity because of a very low koff rate constant) suggest that the nsHb-1 class has functions other than O 2 -transport (Arredondo-Peter et al., 1998) . For example, work using transgenic maize and alfalfa plants overexpressing barley nsHb-1 showed that a probable function for nsHb-1 was to modulate cellular redox potential and levels of NO (Sowa et al., 1998; Dordas et al., 2003 Dordas et al., , 2004 .
It has also been proposed that the nsHb-1 class could be multifunctional protein and one of the functions could be related to pseudoenzymatic activities, such as peroxidase activity (Arredondo-Peter et al., 1998; Saenz-Rivera et al., 2004) . Characterizing the peroxidase activity of Hbs is thus of interest because this activity modulates levels of reactive oxygen species (ROS), and thus a variety of cellular processes (Bolwell, 1999; Finkel, 1999; Joo et al., 2001; Rodriguez et al., 2002; Apel and Hirt, 2004; Gapper and Dolan, 2006; Kwak et al., 2006) . Evaluation of peroxidase activity from diverse Hbs is well documented (Job et al., 1980; Wan et al., 1998; Davies et al., 1999; Kvist et al., 2007) . In plants, peroxidase activities of Arabidopsis thaliana nsHb-1, nsHb-2 and 2/2-like Hbs (AtGLB1, AtGLB2 and AtGLB3, respectively) were reported by Sakamoto et al. (2004) . These authors showed that AtGLB1, AtGLB2 and AtGLB3 oxidize Amplex Red, DHR123 and guaiacol substrates and that rate of oxidation increased with protein concentration. Also, it was reported that overexpression of AtGLB1 increased tolerance of transgenic Arabidopsis to H 2 O 2 stress, which suggested that AtGLB1 plays a role as an antioxidant (Yang et al., 2005) . However, no evidence has been published indicating that peroxidative activity from nsHb-1 is of physiological significance. Specifically, it is still possible that the effects reported by Yang et al. (2005) resulted from an indirect activity of AtGLB1 on mitigating ROS levels. A direct evaluation of peroxidase activity of nsHb-1 is thus required, and such kinetic data need to be compared to that of a typical plant peroxidase such as horseradish peroxidase (HRP). In this work, we analyzed the peroxidase activity of rice recombinant Hb1 (a nsHb-1) compared to those from HRP. Results showed that the catalytic efficiency of rice Hb1 for the oxidation of guaiacol using H 2 O 2 as electron donor is several orders of magnitude lower than that of HRP, suggesting that rice Hb1, and most likely other plant nsHb-1, do not function in vivo as peroxidases.
Results and discussion
The O 2 -binding properties of nsHb-1 suggest that these proteins do not release O 2 after oxygenation because of an extremely low koff rate constant. Thus, it was proposed that the nsHb-1 class has functions other than O 2 -transport (Arredondo-Peter et al., 1997a . For example, it has been proposed that these proteins function in vivo as peroxidases or in some other aspects of ROS metabolism (Saenz-Rivera et al., 2004; Sakamoto et al., 2004; Yang et al., 2005) . However, kinetic constants for the peroxidase activity of nsHb-1 are not known. Thus, we evaluated the peroxidase activity of recombinant rice Hb1 and compared it to that of HRP (below).
Purification of recombinant rice Hb1 to near homogeneity
Recombinant rice Hb1 was purified from Escherichia coli pEM-BL18 + ::Hb1 as described by Arredondo-Peter et al. (1997a,b) and by isoelectric focusing. However, SDS-PAGE analysis indicated that the rice Hb1 co-purified with a $27 KDa protein. To investigate whether or not this contaminating protein exhibits peroxidase activity, we analyzed the rice Hb1 final preparation in a SDS-PAGE gel using the H 2 O 2 /TMBZ assay (see Section 4.3). Results showed that only the band corresponding to rice Hb1, but not that from the contaminating protein, exhibited peroxidase activity (not shown). Also, we isolated the contaminating protein from the gel and partial sequencing at the N-terminal by mass spectrometry showed that it corresponded to a D-ribose-binding protein from E. coli (PDB ID 1urp) and not to a hemeprotein. Thus, we concluded that the contaminating protein from the rice Hb1 final preparation did not interfere with the subsequent analysis of the rice Hb1 peroxidase activity.
Analysis of peroxidase activity and kinetic constants of rice Hb1 and HRP
Previously, it was reported that Arabidopsis nsHbs exhibit peroxidase activity against Amplex Red, DHR123 and guaiacol substrates, and that the rate of oxidation for these substrates was similar (Sakamoto et al., 2004) . We evaluated the peroxidase activity of recombinant rice Hb1 by using the H 2 O 2 /guaiacol assay at pH 6.0 and compared it to that from HRP. Initial velocities were obtained by measuring the rate of guaiacol oxidation while varying the H 2 O 2 concentration. Results showed that the initial velocity for the peroxidase activity of rice Hb1 and HRP obeys a Michaelis-Menten equation (Fig. 1A) . Steady-state kinetic constants (V max and K m ) were obtained after fitting the data to Lineweaver-Burk double reciprocals plot (Fig. 1B) (Ouellet et al., 2007) . We examined the effect of incubating rice Hb1 with H 2 O 2 by detecting protein oligomerization and heme modification using SDS-PAGE and visible spectroscopy, respectively (see Section 4.4.). SDS-PAGE analysis indicated that no oligomers were formed after incubating rice Hb1 with 1.2 to 520 mM H 2 O 2 (not shown). Rice Hb1 contains only one external tyrosine (Tyr111) potentially available for conversion to tyrosyl radicals and radical combination. Thus, it is likely that rice Hb1 does not form oligomers at high concentrations of H 2 O 2 (i.e. 520 mM H 2 O 2 ) because of the existence of only one external tyrosine.
We also evaluated heme modification after incubating rice Hb1 with H 2 O 2 . Spectroscopic analysis of the pyridine-hemochromogen complex showed no evidence (i.e. wavelength shift for peaks and troughs) of heme modification after incubating rice Hb1 with 1.2-46 mM H 2 O 2 ( Fig. 2A) . This, and evidence from the SDS-PAGE analysis (above), indicated that rice Hb1 was not structurally modified after incubating with H 2 O 2 . Moreover, ligand-binding analysis indicated that ferrous rice Hb1 binds CO following incubation with 46 mM H 2 O 2 (Fig. 2B) . Thus, a conclusion from the above observations is that rice Hb1 is not chemically modified and binds ligands at high H 2 O 2 concentration. It has been proposed that a possible in vivo role for nsHb-1 is to function as a peroxidase (Saenz-Rivera et al., 2004; Yang et al., 2005) . Thus, rice Hb1 might protect plant cells from oxidative stress. We tested this hypothesis using as a model E. coli pEM-BL18 + ::Hb1 cells cultured in the presence of H 2 O 2 . Fig. 3 shows that under ''normal" conditions E. coli TB1 cells and recombinant E. coli pEMBL18 + ::Hb1 grow similarly, although growth of E. coli pEM-BL18 + ::Hb1 was slower than that of E. coli TB1. Also, Fig. 3 shows that growth of E. coli TB1 was fully inhibited under H 2 O 2 stress, whereas slight growth was detected for E. coli pEMBL18 + ::Hb1 under the same conditions. This observation indicates that rice Hb1 poorly protects recombinant E. coli from H 2 O 2 stress, and thus that it is unlikely that nsHb-1 provides tolerance to plants subjected to H 2 O 2 stress.
Comparative analysis of the rice Hb1 and HRP heme pocket
We visualized the rice Hb1 and HRP heme pocket in order to compare the amino acids that might be involved in peroxidase activity. Fig. 4 shows that distal side of the rice Hb1 heme pocket is mostly hydrophobic and heme-Fe is hexacoordinated by distal His, and that the HRP heme pocket is rather hydrophilic and heme-Fe is not hexacoordinated. This observation suggests that substrate access to the heme-Fe is easiest in HRP rather than in rice Hb1, resulting in a greater affinity for H 2 O 2 in HRP as compared to that of rice Hb1 (Table 1) .
However, rice Hb1 exhibits peroxidase activity (Table 1) . A possible mechanism for the activity of rice Hb1 is that hydrophobic amino acids located at the distal side of the heme stabilize guaiacol and that the substrate oxidation is facilitated by electron transfer from Tyr150 (Fig. 4) . This hypothesis is supported by the observation that hydrophobic amino acids located nearby the distal side of the heme pocket partially stabilize ferulic acid in the cyanide-ligated HRP (Veitch, 2004) , and that soybean Lba Tyr133, lupin Lb Tyr151 and maize Hbm Tyr151 (an homologous to rice Hb1 Tyr150) might transfer electrons for a pseudoperoxidase activity (Davies et al., 1999; Saenz-Rivera et al., 2004) .
Conclusion
Major findings from this work showed that rice Hb1 exhibits weak peroxidase activity as compared to that of HRP, and that it poorly protects cells from H 2 O 2 stress. In a previous report, we showed that levels of nsHbs did not increase in rice organs subjected to H 2 O 2 stress (Lira-Ruan et al., 2001 ). These observations are consistent with results reported in this work. Thus, we conclude that it is unlikely that rice Hb1, and probably other similar plant nsHbs, function in vivo as peroxidases and influence the plant physiology by modulating levels of H 2 O 2 .
Experimental

Purification of recombinant rice Hb1
Rice Hb1 was purified from recombinant E. coli pEMBL18 + ::Hb1 as described by Arredondo-Peter et al. (1997a,b) . Briefly, recombinant E. coli pEMBL18 + ::Hb1 was grown in LB broth containing (50 lg/ml) ampicillin and harvested by centrifugation. Cells were resuspended in 50 mM Na phosphate buffer (pH 7.0) containing 1 mM EDTA and 1 mM PMSF and lysed overnight at 4 o C after the addition of lysozyme, DNAse and RNAse. The resulting solution was cleared by centrifugation, the supernatant was fractionated with solid (NH 4 ) 2 SO 4 between 50% and 90% saturation and purified over Phenyl-Sepharose (Sigma-Aldrich) and DEAE-Cellulose (DE52, Whatman) resins. Rice Hb1 was purified near to homogeneity (see Section 2.1) from an IEF gel containing ampholytes (Fluka) with a pH range 5-8. Purification of rice Hb1 was verified by SDS-PAGE (Laemmli, 1970 spectrophotometry (Arredondo-Peter et al., 1997a,b) . Total protein was quantified by the Bradford method (Bradford, 1976 ) using a commercial dye-binding assay (Sigma-Aldrich) using BSA as a standard. Heme was quantitated by the pyridine-hemochrome method (Appleby and Bergersen, 1980) .
Peroxidase activity and kinetic constants of rice Hb1 and HRP using the H 2 O 2 /guaiacol assay
Peroxidase activity was spectroscopically evaluated by following the oxidation of guaiacol using e470 = 26.6 mM À1 cm À1 for tetraguaiacol (Chance and Maehley, 1955; Doerge et al., 1997; Fang and Kao, 2000) . Optical absorption was recorded using a GBC UV/VIS 911A spectrophotometer (GBC Instrumentation) equipped with a temperature-controlled holder and interfaced to a microcomputer. Reaction mixtures (1 ml) contained either 250 nM of ferric rice Hb1 or 1.9 nM of ferric HRP (type VI, Sigma-Aldrich) (on the heme basis), 1.2-13.8 or 0.5-10 mM H 2 O 2 (Sigma-Aldrich) for rice Hb1 and HRP, respectively, and 7 mM guaiacol (Sigma-Aldrich) in 50 mM Na phosphate buffer (pH 6.0). Peroxidase activity was monitored over 10 min at 22 o C. All evaluations were performed by triplicate. Steady-state kinetic constants (V max and K m ) were obtained by measuring the initial rates of guaiacol oxidation while varying the H 2 O 2 concentration and by fitting data to a Lineweaver-Burk double reciprocals plot. Catalytic efficiency was calculated from the k cat /K m ratio.
4.3. In situ detection of the peroxidase activity in SDS-PAGE gels using the H 2 O 2 /TMBZ assay Protein samples were electrophoresed after mixing with SDSloading buffer (without heating) in a single denaturing (SDS-PAGE) gel in duplicate. After electrophoresis one half of the gel was stained with Coomassie blue to visualize proteins. The other half was used to detect peroxidase activity after incubation with a (3:7) mixture of 6.3 mM TMBZ:250 mM Na acetate (pH 5.0) for 2 h in darkness with gentle agitation and the addition of 30 mM H 2 O 2 (final concentration) (Thomas et al., 1976) . Proteins exhibiting peroxidase activity were visualized as blue color bands. Under these conditions, Hbs retain enough amounts of heme and can be visualized by their pseudoperoxidative activities (Sartori et al., 1999) .
Oligomerization analysis by SDS-PAGE and spectroscopy of rice Hb1 after incubation with H 2 O 2
Cross-linking experiments for rice Hb1 were performed at room temperature for 30 min. Ferric rice Hb1 (7.3 lg on the heme basis) was reacted with 0-520 mM H 2 O 2 . Following incubation, excess H 2 O 2 was removed by ultrafiltration using YM3 centricon concentrators (Amicon), and samples were analyzed by SDS-PAGE after gel staining with Coomassie blue.
Optical differential (oxidized vs. reduced) spectra of the pyridine-hemochromogen complex (Appleby and Bergersen, 1980) 
In silico visualization of the rice Hb1 and HRP heme pocket
Rice Hb1 and HRP heme pockets were visualized using the Swiss-PDBViewer program (version 3.7) (http://www.expasy.org/ spdbv/) (Gopalasubramaniam et al., 2008) . PDB files for the rice Hb1 and HRP structures were downloaded from the Brookhaven Protein Database (http://www.rcsb.org/pdb/) using the ID numbers 1D8U and 1H58, respectively. 
